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Department of Chemical and Biological Engineering, University of Colorado Boulder, Boulder, ColoradoABSTRACT With the use of single-molecule total internal reflection fluorescence microscopy (TIRFM), the dynamics of bovine
serum albumin (BSA) and human fibrinogen (Fg) at low concentrations were observed at the solid-aqueous interface as a func-
tion of temperature on hydrophobic trimethylsilane (TMS) and hydrophilic fused silica (FS) surfaces. Multiple dynamic modes
and populations were observed and characterized by their surface residence times and squared-displacement distributions
(surface diffusion). Characteristic desorption and diffusion rates for each population/mode were generally found to increase
with temperature, and apparent activation energies were determined from Arrhenius analyses. The apparent activation energies
of desorption and diffusion were typically higher on FS than on TMS surfaces, suggesting that protein desorption and mobility
were hindered on hydrophilic surfaces due to favorable protein-surface and solvent-surface interactions. The diffusion of BSA on
TMS appeared to be activationless for several populations, whereas diffusion on FS always exhibited an apparent activation
energy. All activation energies were small in absolute terms (generally only a few kBT), suggesting that most adsorbed protein
molecules are weakly bound and move and desorb readily under ambient conditions.INTRODUCTIONProtein adsorption at the solid-liquid interface is funda-
mental to many applications, including biocompatible mate-
rials, biofilm fouling, biosensing, and protein separations
(1,2). The breadth of applications for this very common
yet complex phenomenon has spurred diverse and abundant
research (3,4), yet a complete mechanistic understanding of
dynamic surface behaviors is lacking. Fundamentally, inter-
facial protein dynamics can involve adsorption, surface
diffusion, conformational changes, protein-protein aggrega-
tion, and desorption. These dynamics are influenced by four
types of binary interactions: protein-solvent, surface-solvent
(relative to solvent-solvent), protein-surface, and protein-
protein (2,5).
Hydrophobic effects are commonly believed to play a
prominent role in protein-surface interactions by influencing
the reversibility of binding. For example, both the extent of
protein adsorption and the degree of protein unfolding are
thought to correlate directly with the surface hydrophobicity
(4,6,7). However, recent studies have resulted in a more
nuanced view of this assertion by demonstrating the effects
of protein concentration on protein unfolding (e.g., lower
surface coverage allows easier surface reorientation and
greater unfolding) (8–11). Other studies have specifically
focused on the behavior of strongly bound protein popula-
tions (i.e., protein that is not removed by rinsing) (12,13).
For example, Fainerman et al. (12) calculated the activation
energy for protein desorption from the air-water interface
and concluded that protein adsorption is thermodynamically
reversible but may appear kinetically irreversible due to
slow desorption rates.Submitted February 20, 2012, and accepted for publication April 19, 2012.
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0006-3495/12/06/2625/9 $2.00Conventional methods that are widely used to study
interfacial protein behavior include solution depletion
(14), surface plasmon resonance (15,16), quartz crystal
microbalance (2), ellipsometry/reflectometry (17,18), and
fluorescence recovery after photobleaching (13). These
techniques are limited in their ability to provide direct
mechanistic insights (19). For example, these methods
measure only the net effects (e.g., total coverage) associated
with multistep mechanisms, so interpretations based on
these methods are highly model-dependent (20). Also,
they measure only the ensemble average behavior under
conditions that are recognized to be heterogeneous, e.g.,
proteins exist in a range of states associated with conforma-
tion, orientation, and/or aggregation. These experimental
limitations (and the desire to infer molecular mechanisms
from these data) have unfortunately led to a field that is
fraught with examples of overinterpretation, and a ‘‘conven-
tional wisdom’’ that is often unsupported by empirical data.
It is often said that certain types of surfaces (e.g., hydro-
phobic surfaces) ‘‘cause’’ protein unfolding and irreversible
adsorption, whereas other surfaces (e.g., polyethylene
glycol brushes) are ‘‘protein-resistant’’. However, several
alternate hypotheses are consistent with the net ensemble-
average behavior that has been measured on such surfaces.
For example, it is equally possible that hydrophobic surfaces
act as ‘‘collectors’’ of rare unfolded/aggregated populations
that exist in solution. Similarly, there is little evidence that
polyethylene glycol surfaces actually resist adsorption
of individual proteins; alternatively, they may influence
protein-protein associations in a way that inhibits interfacial
aggregation.
In previous work in our laboratory and in other laborato-
ries employing total internal reflection fluorescence micros-
copy (TIRFM), single-molecule dynamics were imaged atdoi: 10.1016/j.bpj.2012.04.027
2626 Langdon et al.the solid-liquid interface (20–28). Using a single-molecule
approach, one can directly observe an individual protein
adsorbing, diffusing, and desorbing from the interface.
Single-molecule methods are uniquely able to identify and
characterize heterogeneous behavior and populations
(21–23). For example, Kwok and co-workers (21) identified
two populations of bovine serum albumin (BSA) adsorbing
to quartz surfaces based on surface residence times. The
largest population (99.3% of objects) resided on the surface
for <1 min, whereas the second population exhibited much
longer residence times. In this work, we separate protein-
surface dynamics into distinct populations and elementary
modes. Each population or mode is analyzed separately to
better elucidate important surface-protein interactions and
behaviors that may lead to protein unfolding, aggregation,
and surface fouling surfaces.
To address protein-surface interactions on a mechanistic
level, previous investigators used ensemble-averaged
methods to measure the free energies associated with
protein adsorption/desorption on hydrophobic and hydro-
philic surfaces (12,14,29,30). Fig. 1 illustrates the conven-
tional view of energies associated with adsorbate-surface
interactions. Although it is dramatically oversimplified,
this view provides a useful context to frame a discussion
of the phenomena presented below. In particular, this
diagram suggests that the activation energy associated
with desorption can be greater than the free energy of
adsorption (DE), and that both adsorption and desorption
are activated processes. Fig. 1 also illustrates the difference
between the activation energy for desorption and the activa-
tion energy for surface diffusion, where the latter is associ-
ated with the corrugation of the surface interaction potential.
We show here that the true situation is even more
complex. Multiple populations and modes are omnipresent
in studies of proteins at interfaces, and these populations/
modes must be isolated if quantitative measurements of
energies are to be mechanistically meaningful. Here, we em-
ployed single-molecule TIRFM to measure apparent activa-
tion energies associated with specific dynamic mechanisms.
We studied two common proteins, BSA and fibrinogen (Fg),
on both hydrophilic FS and hydrophobic, trimethylsilane
(TMS)-coated FS. These experiments were done at very
low adsorbed protein coverage, a condition that is very
similar to the initial protein adsorption observed beforedesorption
diffusion
in solution adsorbed
EA
diffuseEA
desorb
ΔE
FIGURE 1 Schematic energy diagram illustrating the (simplified)
conventional picture of surface adsorption, desorption, and diffusion.
Biophysical Journal 102(11) 2625–2633surface fouling occurs. Under these conditions, protein-
protein interactions on the surface are insignificant, allow-
ing us to probe direct effects of surface chemistry on protein
binding and mobility.MATERIALS AND METHODS
Protein sample and surface preparation
Fg labeled with AlexaFluor 488 and BSA labeled with AlexaFluor 555 were
purchased fromMolecular Probes (Eugene, OR). Fg was labeled on average
with 15 fluorophores per protein molecule, and BSAwas labeled on average
with five fluorophores per molecule, as specified by the manufacturer. Phos-
phate-buffered saline (PBS) at pH 7.2 was purchased from Gibco (Carlsbad,
CA). Low surface densities (required for single-molecule experiments)
were achieved with the use of protein solutions at concentrations of
1014 and 1012 M on TMS and FS surfaces, respectively. FS wafers
were purchased from Mark Optics (Santa Ana, CA). The cleaning and
surface functionalization procedures were previously described and are
available in the Supporting Material. We verified the surface hydropho-
bicity of TMS by measuring the static contact angle (e.g., TMS contact
angle of 95 5 3).Data acquisition
Protein samples were injected into a temperature-controlled flow cell.
Observations at the solid-liquid interface were made under static conditions
using TIRFM. Several movies were acquired of each sample, with acquisi-
tion times of 200 ms for individual frames. An object-recognition algorithm
involving disk matrix convolution followed by thresholding was used to
identify diffraction-limited objects as described previously (26). The posi-
tion of an object was determined by its centroid of intensity. Object tracking
between movie frames was accomplished by identifying the closest objects
within a 4 pixel (908 nm) distance in sequential frames. Surface residence
times were calculated by multiplying the number of frames in which an
object was identified by the exposure time of each frame. Further experi-
mental considerations and details are available in the Supporting Material.Data analysis
We constructed cumulative residence-time distributions by calculating the
probability of objects residing on the surface for a time t or greater. Objects
with residence times of a single frame were ignored due to the sensitivity of
object identification for a single frame to noise. The number of objects with
a given residence time were assumed to follow Poisson statistics. The
desorption kinetics were assumed to be first-order processes, such that
the cumulative residence-time distributions could be described by
pðtÞ ¼
X
i¼ 1
fie
t=ti ; (1)
where p(t) is the probability that a given object has a residence time R t,
and fi is the relative fraction of all objects represented by population i.Each population had a characteristic surface residence time of ti, which
is the inverse of that population’s effective desorption rate constant (kdes,i¼
1/ti). Orthogonal fitting using the distributed maximum entropy method and
discrete maximum likelihood algorithm with the MemExp program (31)
confirmed the number of populations used in the above fitting.
We constructed cumulative square-displacement distributions by sorting
the displacement data in ascending order and ranking each data point. Inter-
facial diffusion was assumed to follow 2D random walks with Gaussian
statistics. Accounting for positional uncertainty (due to instrument noise)
by previously described methods (32), the cumulative squared-displace-
ment distribution can be described by
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
R2;Dt
 ¼
X
j¼ 1
xje
R2=4ðDjDtþs2Þ; (2)
where R2 is the square-displacement radius given Dt, the time window
between observations, xj is the fraction of observed steps in mode j, Dj is
the characteristic diffusion coefficient of mode j, and s is the positional
uncertainty.
We used Eqs. 1 and 2 to fit the experimental cumulative distributions of
residence-time and squared-displacement data, respectively, by minimizing
the variance weighted by the data point divided by the squared error for the
data point.
To determine the apparent activation energy (Ea), we calculated the
desorption rate constant (kdes) or diffusion coefficient (kdiff) for a given pop-
ulation/mode at various temperatures. We then fit these data using the
Arrhenius relationship
lnðkÞ ¼ Ea
R
1
T
þ lnðAÞ; (3)
where k is the rate constant for diffusion (kdiff in units of mm
2 s1) or desorp-
tion (k with units of s1), R is the universal gas constant, and A is the
bdes(variable) preexponential factor whose units reflect those of the rate
constant (e.g., a function of mm2 for diffusion). Further details of the data
analysis can be found in the Supporting Material.µ
FIGURE 2 Semilog plot of cumulative distributions associated with Fg
adsorbed on FS: (a) surface residence time probability distributions, and
(b) squared-displacement distributions. Each data series represents protein
dynamics at a different temperature of 10C, 15C, 25C, 35C, or 40C.
Experimental cumulative distributions are assumed to follow Poisson statis-
tics. The error of each data point represents 68% confidence intervals for
a Poisson distribution with mean of that data point.RESULTS AND DISCUSSION
Surface dynamics reveals heterogeneous
populations and modes
For each protein-surface combination, at least three single-
molecule movies (frame time: 200 ms, length: 1500 frames)
were obtained at 6C, 10C, 15C, 20C, 25C, 30C, 35C,
and 40C, respectively. Each object observed in these exper-
iments was characterized by its residence time, mean inten-
sity, and surface trajectory. These data represent >40,000
(BSA on FS), 12,000 (BSA on TMS), 7000 (Fg on FS),
and 5000 (Fg on TMS) identified objects, respectively.
Fig. 2 A shows typical cumulative surface residence-time
distributions for several temperatures. Assuming an expo-
nential decay of residence-time probabilities (as would be
observed for first-order desorption kinetics), a homogeneous
protein population would appear as a linear relationship
with a single characteristic residence time (t) on the log-
linear scaled graph in Fig. 2 A. The nonlinearity of the
data indicates the presence of multiple populations. This is
consistent with previous studies that also found and charac-
terized multiple protein populations (21,22,26,27). At least
three exponentials were required to fit each cumulative
distribution. We verified the number of distinct populations
identified by this method using a convolution of the
maximum entropy method and maximum likelihood fitting
(described in the Supporting Material) for the same cumula-
tive residence-time fit (Fig. S1) (31). These independent
analyses identified the same number of populations for the
same cumulative distributions (e.g., four populations for
BSA and three for Fg).
As a general rule, the populations identified by surface
residence times had certain qualitatively similar characteris-tics regardless of protein or surface chemistry. Importantly,
the fraction of objects observed in the shortest-lived popula-
tion (characteristic residence time of 0.4–0.7 s) accounted
for the majority of objects (~70–80%), and an order of
magnitude greater number of objects than was observed in
the longest-lived population (characteristic residence time
of 9–75 s, 2–9% of objects). The detailed results of fits
to cumulative residence-time distributions are shown in
Table S1. Using intensity data for each population, we previ-
ously demonstrated that each residence-time population
roughly corresponded to a different oligomeric state for
Fg on TMS or FS and for BSA at the silicone oil-water inter-
face (26,27). Similar connections between residence-time
populations and oligomers were explicitly made here for
BSA on TMS and FS (Fig. S2).
Due to the statistical distribution of fluorescent labels on
a given molecule, some variation is expected in the fluores-
cence intensity within a given oligomer population.
However, this variation is not so large as to preclude identi-
fication of monomers, dimers, and trimers. Using the ex-
pected Poisson statistics, for example, Fg was labeled with
15 5 4 fluorophores; dimers and trimers would therefore
be expected to have 30 5 5 and 45 5 7 fluorophores,
respectively, permitting robust resolution of these species.
For BSA, which was labeled with 5 5 2 fluorophores, the
separation from dimers (10 5 3 fluorophores) or trimersBiophysical Journal 102(11) 2625–2633
2628 Langdon et al.(15 5 4 fluorophores) was not as complete, but it was still
possible to identify ranges of intensity corresponding to
each species.
Analyses of surface residence times provide important
insights into the mechanisms that can lead to protein film
formation or surface fouling. For example, regardless of
protein identity or the nature of the surface, isolated mono-
meric proteins have extremely short residence times and are
unlikely to lead to surface fouling in the absence of produc-
tive collisions that can lead to larger oligomers/aggregates
with systematically longer surface residence times. This
suggests that it is important to understand how collisions/
aggregation may occur on surfaces, leading naturally to a
discussion of interfacial mobility.
Fig. 2 B shows typical cumulative squared-displacement
distributions, i.e., the probability of finding the observed
molecule beyond a circle of radius R after some time
interval, Dt. On this log-linear scaled graph, where cumula-
tive probability is plotted against R2/4Dt, diffusion corre-
sponding to a simple 2D random walk would appear as
a straight line. These data, which do not appear linear, indi-
cate the presence of multiple interspersed diffusive modes.
For most protein-surface combinations, three Gaussian
modes were used to fit each movie’s cumulative distribution.
Each system exhibited a very fast diffusive mode (M1)
with effective diffusion coefficients of 0.23–0.32 mm2/s.
Generally speaking, the large ‘‘flights’’ associated with
this fast mode were uncommon (5–10%), with the exception
of Fg on TMS surfaces, where this mode represented nearly
35% of the diffusive steps. The other modes were much
slower (effective diffusion coefficients of 0.03–0.05 mm2/s
and 0.007–0.014 mm2/s for M2 and M3, respectively). Typi-
cally, M2 and M3 both represented substantial fractions of
the overall diffusive steps. The detailed results of fits to
cumulative squared-displacement distributions are shown
in Table S2.
Our direct observation and quantitative analysis of
protein mobility at the solid-liquid interface provide direct
evidence against the notion that proteins are immobilized
upon adsorption. Although the measured diffusion coeffi-
cients are much smaller than those observed in solution,
they still represent significant mobility. Given the measured
diffusion coefficients and residence times, a rough calcula-
tion shows that a typical protein object explores an area of
~0.01–0.10 mm2 between adsorption and desorption, which
is thousands of times larger than the molecular footprint of
the protein itself. This suggests that even at a very low
surface coverage of 10–100 molecules/mm2, multiple
protein molecules will simultaneously be exploring the
same region of surface, leading to possible collisions.
Thus, one should not think of proteins as being irreversibly
immobilized upon adsorption; similarly, random sequential
adsorption would appear to be an inappropriate model for
protein adsorption. Instead, protein objects remain mobile
upon adsorption and can explore significant surface areasBiophysical Journal 102(11) 2625–2633before desorption occurs. Some previous reports also
emphasized the mobility of adsorbed proteins (13,33–35).
These new (to the best of our knowledge) observations
should further dispel the misconception of protein immobi-
lization upon adsorption.
In contrast to the residence-time populations, the hetero-
geneity of the diffusive modes did not correspond directly to
protein oligomer populations. In particular, an individual
oligomer population often exhibited more than one diffusive
mode identified in the total cumulative squared-displace-
ment distribution (Fig. S3). For example, BSA monomers
on TMS experienced two diffusive modes with diffusion
coefficients 0.048 mm2/s and 0.24 mm2/s. The trajectories
of brighter objects (i.e., oligomers) were dominated by
multiple slow diffusive modes. These observations were
similar for both proteins on both types of surface. We spec-
ulate that these multiple diffusive modes for a given oligo-
merization state result from different types of protein
associations with the surface, as explored further below.Rates associated with individual populations/
modes increase with temperature
The pervasive heterogeneity described above for both resi-
dence-time populations and diffusive modes emphasizes
the importance of identifying and analyzing each of these
individual elementary mechanisms separately. For example,
if one were to analyze the ensemble-averaged desorption
rate (or the mean diffusion coefficient) using transition-state
theory (12,29), one could extract an effective activation
energy; however, this energy would be physically meaning-
less because it would not correspond to the actual energy of
any particular transition state. The temperature dependence
of an averaged quantity depends on both changes in the rates
of individual modes and changes in the relative fractions of
various modes. However, only the temperature dependence
of rates associated with individual modes has real physical
meaning. For example, previous work showed that diffusion
coefficients associated with distinct diffusive modes of
surfactants may have different characteristic activation
barriers (24).
Fig. 2 A shows that the overall residence-time distribution
shifted to shorter times as temperature was increased.
Similarly, as shown in Fig. 2 B, the cumulative squared-
displacement distribution shifted to larger displacements
with increasing temperature. These changes with tempera-
ture could result from two different trends: 1), the fraction
of objects associated with each population/mode changes
such that the fraction of objects in the shortest-lived popula-
tion or fastest-diffusing mode increases with temperature;
or 2), the characteristic residence times and diffusion coef-
ficients change systematically with temperature. Only the
latter effect would indicate that surface dynamics are acti-
vated processes. Our observations revealed that the popula-
tion and mode fractions did not vary over the temperature
Energies of Protein Surface Dynamics 2629range within statistical significance. Instead, the character-
istic residence times (i.e., inverse desorption rates) and
diffusion coefficients changed systematically with tempera-
ture for each population/mode.
Fig. 3 shows Arrhenius plots (i.e., the natural log of the
rate constant versus the reciprocal absolute temperature)
for the characteristic desorption rate constants of all popula-
tions calculated for each protein-surface combination.
Again, P1 corresponds to the shortest-lived population (fast-
est desorption rate), and P2, P3, and P4 correspond to the
populations with progressively slower desorption rates.
Fig. 4 shows the Arrhenius plots for the diffusion coeffi-
cients of diffusive modes associated with each protein-
surface combination. These Arrhenius plots show that
diffusion also followed Arrhenius behavior (with the excep-
tion of M2 for BSA on TMS, which exhibited negligible
changes with temperature and will be discussed below in
greater detail).Apparent activation energies of protein-surface
dynamics
As described above, an analysis of the temperature-depen-
dence for each dynamic mode, population, and protein-
surface combination showed agreement with Arrhenius
behavior for the vast majority of populations/modes. Figs.
5 and 6 depict the apparent activation energies calculated
from this analysis that are associated with desorption and
diffusion, respectively. In the sections below, the apparent
activation energy trends and their mechanistic implications
are discussed.
Apparent activation energy of desorption
Fig. 5 shows the calculated apparent activation energies of
desorption for each population and protein-surface combi-
nation. It is important to recognize that the shortest-lived
population, P1, represents the vast majority of all objects,Population:          P1          P2          P3          P4
a
dc
band that virtually all monomeric protein objects fall within
the P1 population. For all protein-surface combinations,
the apparent activation energy associated with P1 was
in the range of 2–4 kJ/mol, or <2 kBT. This is a major
conclusion for this work; the energy barrier for removal of
an isolated protein is extremely weak, regardless of the
protein identity or surface hydrophobicity. In general,
however, the apparent activation barriers associated with
longer-lived populations P2, P3, and P4 (ranging from 2
to 12 kJ/mol) associated with protein oligomers increased
systematically from that of P1. Intuitively, one would expect
larger oligomers to occupy a greater surface area and there-
fore have stronger overall protein-surface interactions. This
would facilitate more opportunities for favorable interac-
tions (e.g., hydrogen bonding and van der Waals attractions)
with a greater activation energy required for surface dissoci-
ation. These observations are consistent with the notion that
monomers and dimers are typically very weakly bound, and
that therefore surface fouling relies on the creation of larger
oligomeric states.
The apparent activation energies for desorption from
hydrophobic TMS were lower for BSA than for hydrophilic
FS, and were similar for Fg on both surfaces. This would
appear to be in contradiction to the literature observations
that the net ensemble-averaged protein adsorption increases
with increasing surface hydrophobicity, and that on average
proteins tend to adhere more strongly to hydrophobic
surfaces (3,4,36). A previously proposed rationale for this
observation is that proteins unfold and spread more readily
on hydrophobic surfaces (3,37). Wertz and Santore (10)
observed that Fg relaxation to an irreversibly bound state
on hydrophobic surfaces was extremely slow, with a charac-
teristic spreading time of 1425 s. However, the residence
times observed in this work were much shorter for all
protein-surface combinations than that proposed spreading
time, so there would appear to be insufficient time for
isolated proteins (or small oligomers) to ‘‘spread’’ or unfoldFIGURE 3 Arrhenius plots of desorption for the shortest
lived population, P1; intermediate P2 and P3; and longest
lived P4 as annotated. (a) BSA on FS, (b) BSA on TMS,
(c) Fg on FS, and (d) Fg on TMS. Error bars correspond
to the standard deviation of multiple measurements of
kdes,i.
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FIGURE 4 Arrhenius plots of diffusion for the fastest
diffusion mode, M1, and successively slower M2, and
M3 modes as annotated. (a) BSA on FS, (b) BSA on
TMS, (c) Fg on FS, and (d) Fg on TMS. Error bars corre-
spond to the standard deviation of multiple measurements
of kdiff,j.
2630 Langdon et al.before desorption. Therefore, the small activation energies
for desorption from TMS would appear to be consistent
with the expected weak interactions between the hydro-
phobic surface and the native protein with predominantly
hydrophilic exposure. This explanation also accounts
for the observation that differences between BSA and
Fg were fairly minimal on both hydrophilic and hydro-
phobic surfaces. Although BSA is a softer, globular protein
that more readily undergoes conformational changes (4),
the short surface residence times observed here suggest
that unfolding does not occur extensively for short-lived
species.
We suggest that the apparent inconsistency between
previous bulk ensemble-averaged measurements (e.g.,
extremely slow relaxation and enhanced fouling of hydro-
phobic surfaces) and the data presented here provide valu-
able new insights into the mechanisms for protein layer
formation. For example, our results show conclusively
that, in the absence of protein-protein interactions, direct
protein-surface interactions do not typically lead to irrevers-
ible adsorption and/or spreading or unfolding of monomers,
dimers, etc. Instead, our results suggest that oligomers and
aggregates are the long-lived species that ultimately leadFIGURE 5 Apparent activation energies of desorption for P1 (dark gray),
P2 (gray), P3 (light gray), and P4 (white) as annotated. Errors bars represent
SEs associated with fitting Arrhenius temperature trends.
Biophysical Journal 102(11) 2625–2633to surface fouling. This is consistent with previous observa-
tions that protein surface behavior varies greatly with
protein concentration (10,11).
It is therefore critical to focus on the ways in which
surface chemistry may influence protein-protein interac-
tions by promoting or inhibiting aggregation on the
surface. For example, three different interactions are impor-
tant in determining the mechanism and progression of
layer formation: 1), direct protein-surface interactions in
the absence of protein-protein interactions; 2), pairwise
protein-protein interactions in the absence of protein-
surface interactions; and 3), protein-surface interactions in
the presence of protein-protein interactions (a three-body
interaction). In this work we carefully studied the first
type of interaction (isolated protein-surface interactions)
and found that by itself, it is incapable of explaining
layer formation phenomena, indicating that the second
and third types of interactions must be important. In
future work we will attempt to quantify these effects
indirectly (by examining surface dynamics at higher bulkFIGURE 6 Apparent activation energies of diffusion for the fastest mode
(M1, dark gray) and progressively slower modes (M2, gray; M3, light
gray). Errors bars represent SEs associated with fitting Arrhenius tempera-
ture trends.
Energies of Protein Surface Dynamics 2631concentrations) and directly (by visualizing protein-protein
collisions and associations).
Apparent activation energy of diffusion
Diffusive modes have been linked to multiple types of
surface associations, molecular surface footprints, and the
extent of molecule-surface associations (26,38). In the
context of Fig. 1, these different types of associations lead
hypothetically to different corrugations in the potential
energy experienced by the adsorbate molecule as a function
of position and orientation on the interfacial plane. For
example, for ellipsoidal proteins (or protein oligomers),
end-on and side-on associations have been proposed
(8,10,26). Proteins can potentially switch between the two
associations on a characteristic timescale, leading to motion
characterized by multiple interspersed modes for a single
object.
For small molecules, we previously found that mobile
surface molecules exhibit two distinct mechanisms of diffu-
sion: 1), a ‘‘sliding’’ or crawling mode in which a molecule
stays in direct contact with the surface; or 2), a ‘‘flying’’ or
partial-detachment mode in which a molecule briefly
detaches from the surface during motion (24,28). These
modes were characterized for fatty acid molecules on
TMS, where a single hydrophobic tail-surface interaction
and the associated surface-water interactions were believed
to dictate the mode(s) of diffusion. With regard to large
protein molecules, a larger number of surface contacts and
more diverse variety of protein-surface interactions presum-
ably lead to the more-complex behavior observed here. We
therefore hypothesize that the heterogeneity associated with
protein surface diffusion results from multiple surface
association configurations and mechanisms.
Fig. 6 shows the measured apparent activation energies
for diffusion. As with the activation energies associated
with desorption of monomers (P1 in Fig. 5), the activation
energies for the diffusion of the fastest mode M1 (often
associated with protein monomers and presumably weaker
interactions) were again very small in magnitude, typically
in the range of 0–2 kBT. Thus our data consistently show
that regardless of the protein identity or the surface
chemistry, the energy barriers associated with the removal
and/or mobility of weakly bound protein monomers or olig-
omers were extremely small.
The activation energies for the slower modes (M2 and
M3), however, exhibited different trends for each surface-
protein combination. For Fg on FS, the activation energies
associated with diffusion and desorption were similar in
magnitude. One might expect populations/modes with
similar activation energies to correspond to similar
protein-surface interactions. However, as discussed above,
a given desorption activation energy is not necessarily corre-
lated to a particular diffusion activation in these data. The
fact that these energy barriers did correspond (for Fg on
FS) suggests that partial desorption represents the morelikely type of diffusion on FS for Fg. Due to the potential
for hydrogen bonding with hydrophilic surfaces, stronger
surface-solution interactions on hydrophilic surfaces would
make displacement of surface-bound water molecules less
favorable for hypothetical sliding/crawling modes. Thus,
partial-desorption diffusive modes may be more energeti-
cally favorable compared with sliding/crawling modes on
hydrogen-bonding surfaces.
The large discrepancy between BSA and Fg diffusion
energies on TMS suggests that diffusion on hydrophobic
surfaces is highly protein-dependent. For BSA, the diffusive
modes for nearly all modes were activationless (within
experimental error), whereas the diffusive modes for
Fg exhibited relatively large activation barriers. This differ-
ence suggests that different diffusive modes can result from
qualitatively different mechanisms, and that the relative
favorability of these diffusion mechanisms is protein-depen-
dent. For example, we propose that BSA primarily diffuses
on TMS via a sliding mode, whereas Fg motion is domi-
nated by the flying mode. This hypothesis is supported not
only by the trends in the activation energies but also by
the proportion of steps associated with the various modes.
In particular, BSA motion on TMS is strongly dominated
by the slowest mode (M3). Fg motion was more balanced
between modes, but the fastest mode (M1) was the most
populated. Sliding modes would appear to be favored on
homogeneous hydrophobic surfaces because of the absence
of specific short-range interactions (e.g., hydrogen
bonding), and this should lead to very small corrugations
in the surface energy. This might explain the low apparent
activation energies of BSA on TMS and the prevalence of
fast-moving Fg on TMS.
Activation barriers are small in absolute terms
The measured activation energies over the 6–40C temper-
ature range were found to be relatively small for all
protein-surface combinations and types of dynamics.
Previous work in our laboratory measured activation ener-
gies of 5–20 kJ/mol associated with the dynamics of small
fatty acid probe molecules (i.e., for adsorption on FS and
diffusion on TMS) (24,25). Multiple protein-surface interac-
tions and surface-solvent interactions are expected to
contribute to the energy required to move or desorb a protein
from the interface. Nevertheless, virtually all of the apparent
activation barriers for BSA and Fg were similar or smaller
than the barriers for a single fatty acid molecule, or even
that of a single hydrogen bond (~15–20 kJ/mol) (39,40).
This finding is puzzling yet not unprecedented. In
previous studies, investigators quantified protein-surface
interaction free energies using solution depletion
(12,14,29,30,41), molecular dynamics simulations (5), and
other methods (12,42). Many of these studies indicated
small free energies associated with protein adsorption, on
the order of 10–18 kJ/mol. For example, the free energy
of adsorption of lysozyme and Fg was theoretically andBiophysical Journal 102(11) 2625–2633
2632 Langdon et al.experimentally calculated to be smaller or equal to that of
a single hydrogen bond for the entire protein at low surface
coverage (42,43). Similarly, in other studies, several types of
proteins (ranging from 10 to 100 kDa) were found to have
a low apparent free energy of adsorption on hydrophobic
surfaces, on the order of 10–15 kJ/mol (14,30). This rein-
forces the idea that isolated protein-surface interactions
are relatively weak and that therefore protein-protein inter-
actions must be important in explaining protein-resistant
surface mechanisms. Other work in our laboratory incorpo-
rating higher concentrations of unlabeled protein provided
insight into the role of protein-protein interactions on the
layer formation of BSA at the oil-water interface (44). In
these experiments, the distribution of diffusion coefficients
was observed to broaden, and the spatial distribution of
adsorption rates became more heterogeneous with time,
indicating aggregation at the interface (44). It is possible
that these phenomena may also be relevant for other proteins
and at other interfaces.CONCLUSIONS
The ability to observe single-molecule protein-surface inter-
actions over a wide temperature range demonstrates the
power of single-molecule tracking to isolate complicated
protein-surface behaviors into elementary component
mechanisms, as well as to determine the effective energies
associated with protein interfacial dynamics. The omni-
present proof of heterogeneity in every aspect of these
experiments highlights the need for more sophisticated anal-
ysis of protein-surface interactions, and calls into question
many mechanistic interpretations that have been made on
the basis of ensemble-averaged methods.
Regardless of the protein identity or surface chemistry,
the vast majority of individual protein objects exhibited
short residence times (<1 s), relatively fast motion, and
weak surface binding at low protein concentrations where
protein-protein interactions are insignificant. Although this
is consistent with a growing literature on protein-surface
interactions, it stands in strong contrast to previous interpre-
tations that often regarded adsorbed proteins as irreversibly
bound and immobilized. In contrast, our observations
directly show that isolated protein molecules quickly desorb
from the surface in the absence of protein-protein interac-
tions, and that the formation of larger oligomers/clusters is
necessary to achieve the longer residence times that
ultimately lead to surface fouling. This suggests that
although isolated native protein-surface interactions play
some role in protein adsorption at the interface, they are
not the dominant drivers for surface protein fouling. Thus,
it is critically important to consider the effects associated
with populations of preformed oligomers in solution as
well as the dynamic formation of oligomers on the surface,
especially when considering the higher protein solution
concentrations that are necessary for protein fouling. InBiophysical Journal 102(11) 2625–2633particular, interactions between proteins within the surface
layer may be strongly influenced by the physicochemical
properties of the surface, representing a complex ‘‘three-
body’’ problem.
Although surface residence times were relatively insensi-
tive to the details of the protein-surface interaction, the
mechanisms of surface mobility exhibited a complex depen-
dence on these interactions. We speculate that these details
of surface mobility may play a critical role in defining the
process of protein aggregation on the surface. For example,
proteins that engage primarily in sliding/crawling diffusion
(and surfaces that encourage this mode of diffusion) are
more likely to lead to protein-protein collisions that can
lead to the formation of surface aggregates. Nevertheless,
we suggest that the effects of surface chemistry on protein
surface mobility, and more generally on protein-protein
clustering, may be a critical determinant of protein layer
formation and surface fouling.SUPPORTING MATERIAL
Supplementary Materials andMethods, Data Analysis, Data Fitting, Results
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